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OF TEMPERATURE LOGS
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ABSTRACT

Temperature logs have been utilized to gain inforuation on fluid
movement in and ad jacent to well bores for many years. Much research,
both field and laboratory, has been done in an attempt to apply mathe-~
matical standards to the information obtained., Detailea quantitative
interpretation has been generally unsuccessful because of lo.al geology,
bore hole effects, unstable well conditions, and the time required to
approach thermal stability. The application of the temperature log to
injection profiling has focused our attention on these problems more
pointedly.

The tectnique discussed in this paper provides a means of investi-
gating injection straic more thoroughly and minimizing the well condition
influence. A digital system is employed, recording a series of runs on
tape at predetermined time intervals. The tapes are programmed through a
computer to establish the temperature decay rate through selected in-
tervals in the well bore. When the rate is established, an extrapolation
data provides an accurate progression toward thermal equilibrium in the
strata. This data is used to determine the fluid acceptance profile.

For further analysis of data, a differential is available for any selected
interval.

Field examples are presented comparing the various temperature
logging techniques with the computerized logs to further demonstrate the
validity of the information obtained.

INTRODUCTION

Temperature logs are one of the oldest means of investigating down-
hole conditions. Many new applications and methods of interpretation of
results have been developed, most of them valid to a limited degree.

These "new'" pti:mises and techniques are, for the most part, extensions of,
or improvements upon prior work. Supporting information, both theoret-
jcal and actual, lend credence to some individual histories, which are thea
accepted as the "standards" for their particular approach. Our ability to
compute results from physical data has improved almost without bounds, and
some highly sophiiticated data calculations has evolved. The advancement
in this area has pre-supposed that the methods of gathering and extracting
these basic data has kept pace with our analytical ability.
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Unfortunately, such is not the case. We still must work with information
collected by, basically, a thermometer in a very restricted environment,
the well bore.

These "thermometers'' have been improved radically, and in our zeal
to get to the final answer, we tend to impute capabilities to the tools
that cannot exist under the conditions in which they operate. We then
supply the missing data from our individual understanding of the condi-
tions and our opinions are 'read in" to the log as actual recorded data.
The results computed from this information are as varied as the number of
qualitative "facts' we supply.

The widespread differences in temperature log interpretation in-
dicate that we should re-examine the raw data and attempt to validate the
basic components of our formulationms.

The total amount of temperature information available to us at a
given time exists in the absolute temperature curve (Figure 1); therefore,
we must devise a method to extract this data, then determine what condi-
tion affected it. To do this, an understanding of the tools, their
reactions and methods of recording, and the environmental reactions
surrounding them is imperative.

_ AVAILABLE TEMPERATURE DATA
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Figure 1. Absolute Temperature Curves
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ace recording tools can be divided into three basic
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detects 76 degrees and the other, 5' above it, registers 75
degrees, a 1 degree progression for the interval is recorded.
As long as this progression remains the same as the tool is
moved downhole, no further deflection is recorded, but should
the rate of change increase to 2 degrees per five feet interval
(i.e. top element 78 degrees and bottom 80 degrees) an addi-
tional one degree deflection would appear on the recording for
the given interval.

The two element tool can be calibrated and used as a "true dif-
ferential" indicator by taking stationary readings. The actual

difference in temperature would be determined by the deflection.

During most logging operations, the progress downhole is
usually continuous; therefore, both the rate and the amount of
temperature change affect the readings, and the log is used as
a relative temperature change indicator. The actual tempera-
ture is recorded simultaneously on a separate circuit. The
advantage in this usage is a more prominent indication of
temperature change over a given interval.

A - Priori "Differentjal": This principle simulates the dif-
ferential effect by using a single element and an electronic
"memory circuit." The single element detects the temperature
of the well fluids and sends this information to a memory cell
or delay circuit. After a pre-selected time this temperature
impulse is fed back into a '"comparison circuit" and is impres-
sed with the impulse currently generated by the temperature
element. The difference in temperature detected at the two
time-intervals is recorded as differential.

This tool is not a true differential indicator with respect to
depth since it depends upon movement for its depth spacing.
Theoretically, the spacing is controlled by logging speed, but
in actual practice, the time delay for feed back in milliseconds
and normal logging speeds are not compatible. No consistent
spacing control is possible without electronic "gateing' keyed
to the depth meter. Continuous movement again incurs effect
from both the rate and amount of temperature change, and con-
fines the use of this curve to an instantaneous slope change
indicator. As with the other differential tools, the actual
temperature is recorded on a separate circuit. The downhole
tool used in the A-priori method is only the normal or abso-
lute temperature sonde. All the delay circuits are in the
surface instrumentation. NOTE: The electronic description in
the foregoing discussion is not technically correct, but has
been simplified to emphasize the sequence of occurrence and
reaction.

APPLICATION
Temperature analysis is useful in four separate applicationms.

All the interpretations have overlapping variations.

1.

Definition of long enduring effects, such as cement top loca-
tion. Timing is not critical since the heat evolved by cement
reaction is continuous for some time and relatively slow to
dissipate. Good definition is possible for long periods of




time after operation. Absolute temperature tools are competent
for this work, as anomalies are usually quite pronounced.

Production logging. Location of production entering well bore.

Identification of channels when produced fluids cause changes
in ambient temperatures. Differential tools assist in inter-
pretation and definition of slight changes of temperature.
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Figure 3. Temperature Analysis Applications

Thin zones of production entry can be better defined with short
spaced investigation.

Frac or Stimulation Evaluation. Identification of short term
temperature effects. Zone identification is made by compari-
son of normal gradient curve before operations to the anomalies
induced by pumping fluids downhole. Temperature effects are
comparatively short lived and time is rather critical. Inter-
pretation will vary with the direction of induced anomalies
(heated or cooled) and with the treating fluids used.

Absoiute temperature sonde must be used but the differential
curve can assist in defining limits of zones, especially when
differentials from normal gradient are small.

Injection Analysis. Identification of zones of injection by
observing the changes in well bore temperatures induced by in-
jection, and comparing the relative rates of recovery opposite
various strata when injection is discontinued. The absolute
temperature tool must be used for valid interpretation, and
the differential tool may be used for upper and lower limits
of zones.




ENVIRONMENTAL EFFECTS

All temperature analysis is accomplished by observing the reaction
when ambient temperatures are disturbed by some means, resulting in down-
hole temperatures other than normal gradient. The gathering points for
all temperature data are confined to the well bore and all measurements
must be considered from these indices only. Reaction in the formation is
inferred from its effect on the well bore temperatures.

The temperature curve is a graph of temperature versus depth within
the borehole. As such, it considers only two moments =-- vertical and
lateral - but the effect of all the conditions surrounding the data point
dictates its temperature at any given time. Since the temperature ob-
served at a specific point is the result of its total environment, a
method of defining the variables and eliminating or computing their effect
is necessary before valid quantitative work can be accomplished.

The definition must be done with the raw data derived from the
temperature curve, which is subject to the inherent limitations of the
collecting process. A better understanding of these limitations can be
established when we examine the basic principles involved. (Figure 4).
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The geothermal gradient is caused by the continuous flow of heat
outward from the interior of the earth. The flow of heat is an equilib-
rium process between the heat sources, the conductivities of the
transmitting material and the temperature differential between two points;
therefore, there is no accumulation of thermal energy in the path of heat
transmission. The thermal gradient for a given medium is dependent upon
its conductivity.

The normal gradient of a given formation is not appreciably dis-
turbed by the existence of a hole or well since the differential still
exists vertically, and the ambient temperature at any given depth remains
the same throughout the strata. This provides an infinite reservoir of
heat at the existing temperature for a given depth, which can be recorded
by the absolute temperature tool. (Normal Gradient Curve).

Injecting cooler fluids into the well bore causes a differential to
occur between the well and the reservoir of heat at any given depth, and
the equilibrium process is established immediately, forming a horizontal
gradient at that depth. Assuming injection conditions (rate and tempera-
ture) to remain constant, a constant rate of heat replacement is
established that is dependent upon the formation to borehole differential
and the conductivity of the medium between the two temperature extremeties.

Since the rate of heat flow is constant for these given conditions,
steady state heat flow is approached after the initial injection period,
and thermal equilibrium with the ambient formation temperatures is estab-
lished at some radius from the well bore (Figure 5). Continued injection
results in no further measurable cooling of the well bore or formation
around it, and the rate of heat absorption by the water becomes constant
for each depth. Therefore, the well bore gradient is established as a
near constant progression at some temperature cooler than normal forma-
tion gradient.

The zone or zones of fluid entry can sometimes be recognized by
the slight slope change at the top of the injection interval but close
definition of the zones under injection conditions is improbable unless
considerable vertical separation between zones exists (strata cooling
between injection zones discussed later.) The injection zones have an
additional effect imposed. The fluid entering the zone at some tempe:ia-
ture less than ambient formation temperature, not only cools the formation
face by passage, but the reservoir of heat is displaced to an ever-increas-
ing radius from the well bore by the fluid. Since the fluid in the bore-
hole is the coolest in the system and the well bore is the collection
point for the temperature data, no additional cooling is recorded at this
depth as a result of continued injection.

After these conditions have been established, the recorded injec-
tion temperature gradient in the well bore remains essentially constant
throughout the total period of injection, and a gradient curve run under
injection conditions will reflect only the temperature of the injection
fluids at their respective depths. The result is a gradient curve of
relatively constant progression, depressed by some degree cooler than
normal formation gradient. The two temperature extremes have now been



established and the conditions are at steady state.

When injection is discontinued, the well bore to formation dif-
ferential still exists. The water is no longer moving, and the equilibrium
process attempts to bring the fluid in the well back to the ambient forma-
tion temperature at each depth.

The conductivities of each strata allow a characteristic rate of
heat replacement at their depth, and the relative rate of heating is not
equal for each zone. The rates of heating at various levels differ but
are proportional for each zone with respect to conductivity and differen-
tial at any given time.

The result in the well bore is a progressive, proportional heating
at all depths except the interval that has accepted the injection. This
interval has not only been cooled to the thermal equilibrium radius, but
the reservoir of heat has been displaced from the bore hole to the point
that lateral or horizontal flow of heat to the well is either effectively
blocked, or is radically decreased.

Any replacement of heat at the points opposite the injection zones
must come from above or below the strata, or be delayed until the fluid
bank in the formation is warmed to the degree that it will, in turn,
transmit heat to the well bore fluid. These variances in recovery rate
can be identified by a temperature traverse of the hole with the absolute
temperature tools. Several traverses at selected time intervals after
shut-in reflect these relative rates and a DT with respect to time is
evolved for each interval. As previously stated, these relationships are
proportional except over the zone of fluid entry. These progressive or
"decay series" curves can be used for qualitative identification of in-
Jection zones. 1Identification of the true injection incurred anomalies
is not always simple, since many conditions can affect the recovery rate
observed in the well bore. (Figure 6).

Mechanical conditions such as casing, tubing, hole size and cement-
ing programs behind casing, changing bore hole size, thin zones widely
separated, or closely spaced, or any other than uniform physical conditions
can cause variations in well bore heat replacement rates. A sufficient
number of subsequent traverses must be made to identify the true injection
zones.,

Theoretically, once the zone is identified, the DT with time
established after recovery of the injection zone commences can be used
for quantitative calculation of percent fluid intake per interval,

This application, used without other control data, assumes several
hypothetical conditions:

1. Each strata is thermally independent of ad jacent formations.

2. Vertical heat interchange between strata and within the bore
hole is negligible.

3. The heat flow effects precisely reverse themselves during the
recovery period.



Graphic examination of the sequence of thermal transfer will reveal
that these effects must be considered in any quantitative work.

STABILIZED INJECTION YTEMPERATURES
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Figure 5 Figure 6. Conditions Affecting Recovery Rates

THEORY AND VARIATIONS

The many attempts at quantitative evaluation of injection well
temperature logs have evolved an approach that is closely analogous to the
radial flow pressure decline calculations, which assume only two dimen-
sional flow. The application to thermal evaluation considers individual
strata, with the cooling approaching the ideal or complete thermal equilib-
rium at an infinite radius. Figure 7-A.

At the initiation of injection, the radius of cooling is slight
(T1), increasing throughout the period of injection to the ideal tempera-
ture distribution (Tg). This progression is assumed to be independent of
boundary temperature effects. Figure 7-B illustrates the temperature dis-
tribution in adjacent strata under this assumption.

Theorizing that temperature flow effects precisely reverse them-
selves upon interrupting injection allows calculation of the rate of
recovery within the well bore. Relating this recovery rate to the heat
transfer co-efficient of the formation, period of injection, total in-
jection volume, and ambient to injection temperature differential, a
formula can be evolved that should indicate the injection distribution.
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FIGURE 7.

The mechanics of heat flow are not limited by vertical permeability
boundaries as are pressure or fluid flow effects; therefore, this approach
toward evaluation must be modified to consider the effects of heat flow
within the formation upon the well bore temperatures.

The constant proportional progression of heat distribution through
a given strata which must be assumed quantitative evaluation does not
actually exist. Figure 8-A illustrates the complexities of heat flow
mechanics by joining the center poinws of the isotherm distribution of
Figure 7-B.

1t becomes apparent that as the vertical heat differential between
strata not accepting fluid becomes more pronounced, a greater amount of
heat is taken from the adjacent strata to attempt local equilibrium.
These effects become self-limiting, and disrupt proportional cooling pro-
gression of individual strata. For practical interpretive uses, the
cumulative cooling is fixed at some finite radius. Figure 8-B.

This radius cannot be established as a constant for a given forma-
tion without also considering the strata thickness, since a thin formation
will be more affected by the adjacent temperatures than a thicker one.

As a result of these reactions, a calculation based upon the radial flow
principle must consider additional control data to become accurate. The
premise of precisely reversed recovery effects is also invalid for calcu-
lations. The zones do not reverse the heat flow but the rezactions observed
in the well bore are reversed, with limitations.
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Figure 8. Complexities of Heat Flow Mechanics

The steady state heat flow approached during injection cannot be
established during shut-in since there is no heat carried away under
static fluid conditions. The rates of recovery observed in the well bore
constantly diminish with the decreasing temperature differential until
recovery to ambient formation temperature is effected. The resulting
isothermic distribution sequence is depicted in Figure 9.

As injection is interrupted, only slight vertical differential
exists between strata in the proximity of the well bore, but the well to
ambient formation differential is at its maximum. Lateral heat flow from
the formation to the well is at peak rate and very slight vertical heat
inter-change occurs near the well. During the collapse of the heat sink,
or cool cell, the recovery of the more conductive formations surpasses the
slower conductive strata, and a temperature differential develops between
zones, establishing a local equilibrium process near the well bore.

The formations of lower transmitting efficiency are then warmed by
vertical, as well as lateral heat flow, and in turn, affect the well bore
fluids. Since all the temperature data is gathered from the well bore,
these effects obliterate the lateral recovery rate data needed for quanti-
tative calculations.

The period of maximum lateral, and minimum vertical effect on the
well bore temperature is transient, occurring during the initial recovery
process after shut-in. The recovery rate data must be collected during
this "optimum time" period when the rates more nearly approach the lateral
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flow characteristics necessary for valid calculations.

These initial data may be extrapolated through the time interval
where distortion occurs to the total recovery point, or ambient formation
temperature. The extrapolated rates then reflect the true lateral re-
covery characteristics, relatively independent of vertical flow effects.
Projection of these data from injection temperature to indigenous forma-
tion temperature will identify the zones that have accepted injection,
since their proportional recovery rate has been interrupted. (Figure 10).
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Figure 10. Actual versus Extrapolated Progression

The source of heat required for proportional recovery has been dis-
placed past the thermal equilibrium radius by the injection fluid, and
does not contribute a lateral flow of heat to the well bore during the
inspection period (logging time duration). Figure 1l.

Heat for recovery opposite the injection zones must be supplied
vertically from ad jacent strata. These formations have been cooled by
proximity to the injection zone and cannot contribute heat flow at normal
formation temperature. The source heat for recovery is less than ambient
formation temperature; therefore, proportional extrapolations, based on
decay data, cannot approach gradient temperature at these depths.
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An example of this first basic extrapolation step is shown in
Figure 12. The average DT with time from three runs is used for brevity
in explanation rather than the proportional extrapolation that must be
used for true quantitative work.

Through the 84 hour extrapolation based on 2 hour decay time, the
deepest point to equal normal gradient is 8030 (118.5 degrees). All
points above 8032 were eliminated from the next extrapolation at 95 hours.
Temperatures from 8057 to TD were also equal to normal gradient and
eliminated as injection zones.

The 95 hour extrapolation eliminated the zones from 8032 to 8040
and the 2' interval from 8055-57. A thin zone from 8047-49 exceeded the
gradient temperature at 327 hours and the ratio of progression of the two
remaining zones indicate that extrapolation to normal gradient would re-
quire an unrealistic time, even considering an average DT with Cime.

The remaining temperature differences at four inspection depths
were prorated to percentage injection in these zones. The assignation of
these percentages must be modified by the effects of zome cooling and zone
thickness in multi-zone injector.

Figure 9 depicts a single zone of injection bounded on both sides
by non-injection zones. Multi-zone injectors must consider strata not
accepting injection sandwiched with zones which have had the indigenous
heat reservoir displaced by injection water.
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These formations are effectively isolated from vertical heat flow,
and a portion of the lateral flow replacement heat is constantly scavenged
by the injection strata on both boundaries. (Figure 13). Since the source
of replacement heat is being constantly displaced further from the well
bore, the temperature in these zones is often reduced to approximately
injection zone temperature.

Upon shut-in, the recovery rate of these strata is retarded by the
continuous thiefing of heat over the lateral path to the well bore, and
by the lesser formation to well bore differential at a given radius. The
equilibrium effects do still exist; however, and all but the very thin
zones can be identified. Conversely, a thin injection zone between non-
injection strata is affected by the proximity of the two dominant heat
sources, and the recovery within the well bore is accelerated.

Qualitative identification of the injection zones can usually be
made after a relatively long shut-in period. A single traverse is made
and the cool anomalies assumed to be the injection zones. Vertical heat
effects tend to average all the temperature parameters, however, and only
the top and bottom of the gross injection interval can be determined by
this means. These interpretations are subject to error due to the myriad
temperature influences on the well bore fluids.

Projecting the initial data through the time of maximum vertical
effects allows identification based on lateral heat flow. This establishes
a rate of recovery at each depth that is the result of temperature dif-
ferential at a given radius, formation characteristics, well bore
mechanics, injection conditions. These projections provide data that can
be used in formulations based on the radial flow concept of heat transfer.

The data derived from extrapolation of lateral recovery rates
evolves a relationship that can be used in quantitative calculation of
water distribution in the injection well.

Projection of the non-injection zone temperature to the normal
gradient leaves the anomalies caused by the water injection zones. These
anomalies have a relationship that reflects the distribution of water, but
only if additional correction based on zone thickness and bore hole to
formation differential is applied. Determination of the actual zone
thickness presents a problem, but a method incorporating the angle of
slope change and degree of slope progression is being used at present,
with good results.

Sufficient corroborating data has not been compiled at this writing
to present these calculations, but a progress report to the industry will
follow at a later date.

INSTRUMENTATION

The heart of the computerized application is the sensitive digital
recording system,

Through use of digital tapes, accurate recording of slight tempera-
ture changes is possible. Regular analog recording systems use time
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constant circuitry that averages many of these pertinent data, and visual
definition becomes impossible.

The major objective of a digital recording system at the well site
is to record the information obtained from the sonde in the bore hole with
maximum accuracy, eliminating the variables inherent in electronic conver-
sion systems and accuracy limitations of strip chart recorders.

This is accomplished by recording the frequency output of the sonde
directly on tape as frequency and making the conversions to temperature in
a computer. Additional information, such as vertical and horizontal dif-
ferentials, can be computed with realistic values at maximum accuracy.

The computer output can then be printed in columnar or graphic form for
visual interpretatiou.

The mechanics of the system are shown schematically in Figure 14.
The temperature sonde uses a sensitive probe (usually a linear compensated
thermistor).
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Figure 14. Digital System Schematic

This sensor will vary with
ture and is incorporated in an RC
oscillator. The frequency output
tance of the sensor.
cable to an event counter, coded,
code.

resistance depending upon its tempera-
circuit which controls a relaxation
is directly proportional to the resis-

The downhole signals are fed through the conductor

and put on magnetic tape in a BCD 1248

The BCD output will also go to a digital to analog converter which
will drive a strip chart recorder.

The function of the strip chart
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recorder is to provide a visual record of the temperature runs for refer-
ence only. All interpretations will be made from the digital tape through
a computer. A minimum of four temperature logging run data is digitally
recorded on tape. The first run during injection and runs 2, 3, and 4 at
a set interval not to exceed 2 hours between runs with the well shut in.
Temperature readings can be recorded 1/2 foot intervals or one foot,

two feet, etc. as desired.

COMPUTER PROGRAM

The digital field tape containing runs data is processed through
the program tapemake and a Fortran tape is output. This data is in fre-
quency and is converted to temperature. A report on all real runs is
generated and through a program the ability is provided to extrapolate new
runs to any elapsed time.

Each run real or extrapolated contains temperatures per depth
interval, vertical differential at selected depth intervals, and horizon-
tal decay rate from previous runs or to the normal gradient. Computer
plots of this information can better define the injection zone as to
vertical span and injection volume. All computed variables such as dif-
ferentials have real values providing improved interpretation information.
Typical computer print-outs are shown in Figure 15.
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Figure 15. Information from Computer Print-out
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The first column is the injection temperatures versus depth. The
second column is the horizontal differential or rate of decay vs. depth
from the injection run to the first shut-in run. The third column is the
first shut-in temperatures versus depth. The fourth column is the horizon-
tal differential between shut-in Run 1 and 2. The fifth column is the
vertical differential versus depth for the first shut-in run, and can be
selected for any vertical depth interval. Colummns 6, 7, 8, 9, 10, and 11
are the shut-in runs at indicated times, decay rate, and vertical dif-
ferential. Column 12 is the extrapolated run at a selected time based on
the decay rate of the previous runs. Any number of extrapolations can be
made to observe the data until the indigenous temperature of the undis-
turbed rock is reached. Column 13 is the normal gradient for the local
area. Any set of figures can be printed separately and compared for more
detailed interpretation. After column 13, the percentage distribution
versus depth is shown. Further information on total volume injected can
be obtained by applying the percentage figures to the volume injected.

CONCLUSIONS

The use of digital recording and computer analysis, coupled with
logging technique, allows the selection of meaningful temperature data
exclusive of the masking effects inherent in regilar logging methods.
Extrapolation provides a means of projecting this 'pure' data to
established reference indices, resulting in an accurate injection water
distribution pattern from temperature logs.

This concept of temperature log analysis is in its infancy, and

the forthcoming months will provide a base of well histories to support
the validity of this new service to the industry.
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A new techaigue has been developed, inde-
pexdany of diamsters, to provide accurate
measurements of tluid flow in casing, behind the
casing, and in the oren ncle. This methcd
weasures the radiation intensity of & moving
glug of radicvactive material in the borencle.

As material is lost to the fermaticn, a decrease
iz intensity is Oobserved providing information
fer constructing an accurate profile. Celcula-
vions are made vased or the aovsorption factor of
vhe rock ccmrared to tae buerehole rfluid and the
metl.od of zeszuroment of the intensity of re-
corted srediation. Case his are presented
deronstiratiug the acluracy and imirovements cver
¢ehor tecnnigues.
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resuvery te-hniques trovides the engineer v
inforwation essential to obtain maximuxz
ew: reserves Jrox the formaticns.
techs provide thie iu-d-xati
studi fluic movement frox injected radiu-
active tracers. The tracer methodis have pro-
videé general information on chaunels, thiefl
zone locations, and stimulation effectiveness.
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To obtain mcore deteiled informaticn, calcu-
lations were made from velocity recordings of
the movezment of radicactive tracer material in
the borehole using hcle diameter information ev
each section of a well. Such information was
restricted to sections of wells where accurste
caliper information w . eveiladble. After stimu-
iation, the hule diameters crange boih ir open-
role sections and cased sections, resiricting

ccurste fiuid movement enalysis to inside
casing or undisturbed sections of uncased bore-
holes.

In wells where abrupt changes in diateter
soour due to casing progrars or irregular bore-
hoies, the hydraulic flow diameter and culipered
diareters vary directly with the degree of
chaunge. This is demonstrated Ly laboratury
tests as sn*wn in Fig. 1. 1In this test, a 2-in.
gection ¢f tubing vas swedgad to & T-in. OD
cselin, ¢retiun. PReoadings were taken, at v
metered rates c¢f injected fluid, of the time
interval recorded for a slug of radioactive

<
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saterial to tyavel from A t3 C, apé fru= B to

D. 'From the reccrded tises, the filuid = vement
rates were calculsted based cn the s2tusl ID ufF
the casing. Coaperiscn o’ the calculsted rates

for the tw. intervels and retered rales at
inzut sncve a wile discreyancy.
velocity readings are mase at
tanle from diateter changes t:-
accurate iaformati.n.

e
Jiorzactiy,
suflicient dis-
provide more

A study ©f reccorded tracer intensitiescs
trained Troz folliwizg movenent of radicective
terial ir the tcrenole hes shown detalled

iaforzation can be ootained bzhind cesizg or in
irregular boreholes tu determine fluid movenent
intc formaticas.

THEORY

The intensity -f radiocactivity coserved oy
& detec: vr is deterzizeé by the sensitivity cf
the ds=stector, s:*ene.u cf the radicactive
mpaterial l.i the svsorziion ccefficient of well
fluicdz, casing ani formations.

The detector sensitivity is matched tu the
radicective zazeria- strengin 8nd reraline cone
stant for eath survey. The radicaciive zateriel]
is prerared in e sciution comparitie with the

wellbore fluids to provide wsiforz distrivu-
tion. The welle-cesing shielding elfects are a
known constant thar usiformly reduzes the
reacried iotensity of the material

T major fuwrcrigace ieg the

dicactive ebsurition i
tions. As & perceatege of the
materiel enters & zone
gsrresponding decresse in
stserved; lllewise in arzas w
fluid loss to the Jurmation,
ecnstant. Taree ¢ u:::s of an
will reduce the existing radietion level 1o cune-
kalf its original va;ue. For eech eéditional
iccrenent of peneiretion, the level oI estivity
will be decreased at the same rate. By the
accurate control of logging speeds thrcugh
moving radicective slug, the penetreticz izto
the rock will be an equal distance ané the sub-
seguent radiation decrease will be uniforz
cepending on tne permeability of the sectionm.

S S

3

nen UL QLactrete

The diameter c¢f the borshcle hes & negli-
gidle effect on the recordings due to the low
gbsorrticn coefficient of the well {luid and the
dispersion of the radicactive material in the
Siuid.

Uhifore logging runs through a moving slug
of radiosctive material insicde cr -utside the
casing will provide & series ¢ed inten-

sities thatl can ve measured 3
fcourate profile of fluid = 58 ¢
the fcrrzaticas. Ihe method -f reasureaent of

4
iniers

t e>-rded intensities is the basis ¢f
pretavicn of the results.

LTTRANC
N

- s s i)

orFr }

el ile tucle using downhole
tracer ejectors with duel gavma-ray deteciurs
provids {nformaticn on possible cheannels or
cumrunicati.ns. When such infurvation is
suserved, the arount and extent of ihe chaunnel
are éefined by ejecting tracer material and
its movement vitn e ga:na-'a éet

”‘is tec 1fu=

-~

Fig. ¢
rrofile was

-~ L
nicuz. The

is frcn a well where an annulus
attempted with the velocity tech-
scattered points cn the right are

velocity readings *alcula'e‘ "“' ivformatic
soserved with the profile tovl inside the tu:-
iag aand the ejacted radicecztivi materiasl =oving

dovn the tud i:g intCs the annu_us thr.uga &
liding sleeve avove the packar, and vack ug the
grnpuius. Due t. the scattering cf p in.s, an

ascumed average prifile curve was ﬂ": truciesd as

sauwn. Cn the left are & stack of stra“"
tracer runs f.llowing a slug cf radicactive
materi as it moves ur the anpulus. It can

tnat the peaxs °f intensity of
rresent a resscpavlie profile of
the 100 per ceaul reading at the
per cent reading at the t.p.

readlly de seen
each traczer
suis lcss from
wottom te the O

.
- -

Frox the stulies o tracer runs & method cf
megrsurexent hes tean derived to provide an
ascurete rruofile of fiuid loss to &= rormmation.
For gzcuracy of inlsrmaticn, ALl TXACEr rung auc
recordsi &t the saue lOog8ing spesd anc ssnsie
tivity. Each <racer run is lcogged completely
through the radicective zeterisl. Regorder
deflections of the tracer runs are set su that
the ccmplete emplitude of deflection will be

o
elot

ined on

he recording pager.
Fig. 3 shuws the method ¢f measurement of

the reccrder intensities. First, a line is

ravn for the average base line ¢f each run.
Next, lines are drawn on the tor anéd bettom cf
the slcpes of the intensity eas. These lines
are extended to intersect a2t & piipt to the

right of the intensity peak und the base line &s
shown. When the radicactive material has
traveled & long distance in the wellbore, or as
fluid is lost to the formation, the base of the
deflecticn syreads and the intensity peek
shorterns. Care must be taken to drew the slcpe
<ines along the actual radicective material peax

Starting vith the first recording, after
the radisactive material is édisyersed in e
well fluid, measure frcm the slicze line irnter-
section to the base line and add t¢ this the
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geasurercnt 8long k< vase lins osiween the in-
tersections ¢f the slore line:s vwith ths bese
line. goréd this totel peesurszent fOr ths
100 per cent reading. »Hereat :.e m2asuremsnts
for each of the r2cordsd tracer rune 1n seguenc
and when coxpared to the 100 per cazt readicg,
the azount of a"tiV..T rezaining in the borsnole
can be o»tainec Measurements cf only the
recordsd peak i the moving racicuctive material]
is of zajor importence. Prolonged activity cr
secondary reaks are not considered end have no
relationship tc the construciion of a profile.
They 6o provide coservations of channels or

partial cnange iz fluié movement direction and

can be mnalyzed sejarately.

CASE HISTORIES

Conparisons in over 500 wells of velocity
rofiles to tracer profiles have rroved the
accuresy ¢f the tracer tecnnigus. In ereas cf
uniforr diaveters, the s&ze 1r.file is obtained
with both Fves. The fcllowing case histories
are 2rca tze log Tiles of irjectior well
profiles.

tg. ~ showe the coryariscn of profiles
cotained using o ischer siinner 1ol I»e--Pa_],
velocity survey, ang the iracer sethed. The
Vel-PakX survey cnly messures fluid ficw inside
the casing ,n‘ readings arec rectricted to
unjerforated secti.ns, The infircaticon obtainei
deter=ines only how much fiuié left the casing
8t each set cf perfirstivas. The \el::it' 'ru-
Tile presents mcore inf rrmation on fluid loss
through the perforated intervals tut is sucject
to erryy from the effect of long perforated
intervals o the diamsier. In these s&reas,
fluid ic moving both inside the fasing and ocut-
side the perforati.ns. An acscurate hydraulic
diareter is uncbtairable. The trecer profile
is measuring the i:.e's;:; cf B nmoving radic-
active mass and is uneflected by rerforated
zones or casing. The resu;:ing prefile shows
where the fluii is enteripg the formatica.

Fig. 5 presents the ectusl tracer ruas

with the measurement techrnigue or the right side
and the accurate profile cn the left. From

this profile, channeling can be seen between
the perforated intervals.

Fig. € ies an example of a well ccndition
with the tubing set partially through the .pen-
hole section. The velocity profile is cozsist-
ent in the section below the tubing. In the
annulus behind the tubing, based cn gauged hole
diameters, the readings are erratic. A tracer
profile confirved the lower velocity readings
and provided an accurate profile of the fluid
movement up cutside the tubing.

Fig. 7 shcws the recorded tracer runs for
the section behind the tubing of Fig. §. The
first trater run at the bottom s a srlit ir

Lws B T

tke fluid moverment by tre doutle peak on the

ording. The successive runs as.th- fluid
moves ur are shown oe the right and the profile
sbtained is shown on the left border.

1. € is & comza*is»n of & velocity rro-
file and & tracer profile witn different

results. TTe velocity profile shows greater
losses thar the tracer profile. The difflerences
are due to the measurenent te.hniques. The

velocity profile is measuring fluii movement
inside the casing, and the tracer survey records
intensities both inside and ourside the casing,
resulting in higher readings. The increased
quantities cf the tracer run indicate chanmnel-
ing froz the perforations from 2,01€ £t to 2,027
ft down %o ,-38 £t, with no fluid movement
inside the pipe below 2,092 ft; losses to th
forxaticns are indicated by the solid bear graph
on the left side ¢f the chart. In additicn to
the channeling 4own, fluid is also traveling up
tc 1,962 £t as ind icated by the profile ebove
the perforations.

1g. 9 shows the tracer runs for the pro¢-
file of Fig.

Fig. 10 shows the erratic readings obtainecd
in an open-hole secticn with radical diameter
changes. The dashed line is the caliper of the
open-hcle secticn. At areas of extrexe hole
changes, the velocity profile readin.s are
invalid due tc the differences of hydraulic

diameter cf the fluid ficw and the calipered
diareter. The tracer techinicue provides unifc

readings throughcut the entire sectiocn.
rig: 11 13 & comparison of
before and after the mechanical conditions of &
well were changed. The first velocity profile
was obtained before & liner was set and
cemented. A second velocity profile was run
approximately one year later after the liner
had been set and perforated, showing a change
in fluid movement due to the liner placement.
Also a tracer profile was obtained after the
liner placement, showing the fluid movemert out-
side the liner. Due to the similarity of the
original velocity survey and the last tracer
survey, the placement of the liner hed very
little effect on the fluid into the formation.

technigues

Fig. 12 illustrates a technigue of tracer-
logging fluid movement up and down simultane-
ously. The first tracer run at the bocttoz cf
the tubing shows a split in intensity. The
following runs show the movement oI the intea-
sity peak up and the intensity peak dcwn. In
well conditicms with long sectiocns, individual
tracer runs for each direction of flow would be
made to increase the nutber of rums and provide
better detail.

Fig. 13 is the resulting profile cf the
runs in Fig. 12 and the velocity profile below
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the tubing. In the area fro- the tubing botscaz
to the tctal depih, the velocity profiles end
tracer profiles are the same. The tracer poo-
file clso shows the fluid movement ur and tehind
the tuoing.

Fig. 15 is & comparison ¢f a velocity pro=-
file with the tubing bcttox sbove the zope of
interest. The tubing was thern lowered tC below
the zoce of interest and profiles cbtained 25
mopths later. A comparison of the profiles
shows very little change in fluié movement into
the formetion with the change in tuting plece-
nent.

Pig. 15 1llustrates both an additicnmal
usage of the tracer technicue to present mcre
detailed anelysis of the temperature survey and
further substantiation by the tezperature sur-
vey. The solid lipe profile in the center
section is a regular velocity prufile. The
tracer profile, the dashed line, shows evidence
of channeling from 4,356 £1 to 4,420 £t with
fluid eantry into the formation from 4,380 £t +c
4,430 ft. Thne detailed temperature survey on
the right shows the formaticn ccoling over this
intorval as well as coosing frcm the channeling
from 4,350 £t to 4,350 ft.

Fig. 16 is a comparison of temperature runs
vs time on the right azé & tracer prolile on the
left. The tracer profile verifies the snifts
at L,6L0 ft and 4,540 ft to be due to changes
in hole diameter only. Fluid entry into the
forzation is shown ty the bar grephs at the
left over the interval ¢f cooling shown by the
tenperature survey.

SIARY AND CORCLUSIONS
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